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hydrodynamics for the ship and the barge are described by a 12-degree of freedom fully 
coupled model, which is based on potential theory and incorporates proximity effects. 
Ramp structural dynamics are studied by a finite element model, which has been 
calibrated based on detailed studies of commercially available codes. The models were 
coupled together through a spring/damper and the solution of the system was obtained in 
both regular waves and a representative sea state. Parametric studies with regards to 
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In the recent years, the United States Military has taken an increasing interest in 
developing the ability to offload vehicles and machinery from large roll-on and roll-off 
(RO/RO) vessels in open seas. Several classes of vessels provided for this purpose, 
including are LMSRs, CAPE-Ds, CAPE-Hs and CAPE-Ts. Photos of these vessels and 
their principal characteristics can be found at the results section of Chapter III. Except for 
the difference in displacement between the different classes of ships, there is another 
significant difference, namely in the ramp design and placement aboard the ship - stern or 
side ramps. Equipment is going to be offloaded aboard a discharge facility that is 
specifically designed for that purpose. The RO/RO Discharge Facility (RRDF) is the 
interface between the ship’s ramp and lighters/landing craft. Operational requirements for 
equipment transfer are set at sea state 3. However, the current design of the Ramp/RRDF 
system is only capable of operations in sea state 2 and below. The most limiting 
conditions result from high relative motions between the ship and the RRDF as well as 
the induced stresses that may exceed the yield stress of the material.  
Successful implementation of a Ramp/RRDF Motion Compensation/Mitigation 
System will provide a significant increase in military readiness and capability of the 
RO/RO ships by enabling ramp operations during sea state 3, thus increasing the 
operational window by up to 50% (Applebee et al. 1997). Previous studies on the same 
subject, done at the Naval Postgraduate School [Ref. 3] and the University of Notre 
Dame [Ref. 5], have suggested that active or passive motion compensation can reduce the 
motions and the stresses of the ramp. Moreover, detailed finite element models of the 
various ship’s ramps have been created and tested for stress and natural frequencies 
calculations [Ref. 6]. In Ref. [5] the hydrodynamic properties of the ships were 
approximated by a constant coefficient mass-spring-damper system, and active control 
techniques were designed and analyzed. In Ref. [3] several simplifying assumptions were 
made in the development of the dynamic model of the vessels and their interface. Ship 
motions were approximated by the vertical plane equations only, and the ramp was 
modeled as a generic second order system. 
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B. OBJECTIVES 
This thesis will attempt to overcome some of the limitations of the previous 
studies. It will focus on creating a mathematical dynamic model for the ship and the 
barge (RRDF). These models are going to be created using the latest calculation tools for 
marine vehicles so that vessel motions can be calculated with the least number of 
simplifying assumptions. A finite element model of the ship’s ramp is going to be created 
so that it can be used in both the structural coupling of the two vessels and in ramp stress 
calculations. Once the equations of motion of the vessels in the frequency domain are 
written, the two vessels are going to be coupled with the ramp by using a specified 
coupling condition. This will allow calculation of the new motion of the ships along with 
the displacement field of the ramp. In this way the response in regular waves will be 
calculated. Finally the response in a seaway of the coupled system will be expressed in 
terms of standard seaway parameters.  
For demonstration purposes the CAPE-D class of ships, with stern ramp, was 
chosen along with the new RRDF 2000 model. The coupling condition chosen for 
demonstration will be spring-damper coupling condition with constant parameters, 
modeling a standard motion isolation system. The method presented in this work is, 
however, general enough so that additional coupling conditions can be considered. 
Finally, a design methodology for proper motion mitigation is presented along with 
parametric studies for different isolator properties.  
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II. HYDRODYNAMIC MODEL OF THE SHIP AND THE BARGE 
(RRDF) RESPONSE IN REGULAR WAVES 
A. INTRODUCTION 
Modern seakeeping computations are used in all aspects of the engineering of the 
marine environment. The computations are performed using a variety of techniques-from 
simple strip theory to extremely complex fully nonlinear unsteady Reynolds Averaged 
Navier-Stokes equations in the time domain. 
The major difficulties in seakeeping computations are the nonlinearities. These 
are nonlinearities associated with the fluid in the form of viscosity and the velocity 
squared terms in the pressure equation. The free surface causes nonlinear behavior due to 
the nature of the free-surface boundary conditions and the nonlinear behavior of the 
incident waves. 
B. DEVELOPMENT OF SEAKEEPING CALCULATIONS 
For the interested reader a detailed historical development of seakeeping 
calculations can be found in Ogilvie (1977), Newman (1978), Mauro (1989) and Beck & 
Reed (2001) [Ref. 1]. A short historical approach to seakeeping computation will be 
presented here based on Back & Reed (2001) [Ref. 1] where the most recent computation 
methods where evaluated. 
The effort of predicting the response of a vessel in different sea conditions has a 
long history starting with Froude’s original work on rolling (Froude 1861). Modern 
computations began with two developments in the 1950’s. The first was the use of 
random process theory to determine the statistics of the ship responses in a seaway. The 
second was the development of the linear ship motion theories to predict the responses of 
the ship to regular waves. 
In 1953 St. Denis and Pierson in their seminal paper proposed a method to predict 
the statistics of ship responses to a realistic seaway. Using spectral methods developed in 
other fields, they related the spectral density of ship responses to the input ocean wave 
spectrum. Two of their assumptions are critical: 1) the sea surface is an ergodic, Gaussian 
random process with zero mean and 2) the ship can be represented by a linear system. 
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Once the probability density function for a given response is known, all the desired 
statistics of the response can easily be determined. The linear system assumption allows 
the spectral density of any given response to be found by multiplying the incident wave 
spectrum by the square of the Response Amplitude Operator (or RAO) of the desired 
response. At any single frequency, the RAO is the amplitude and the phase of the desired 
response to regular incident waves acting on the vessel at the given frequency. 
In the 1950’s the development of analytic prediction techniques was started. The 
thin-ship approximation of Michell (1898) was examined critically by Peters and Stoker 
(1957). The first order theory was rather trivial in that it balanced hydrodynamic forces 
due to the undisturbed incident wave pressure field (the Froude-Krylov exciting force) 
and the hydrostatic restoring forces with the ship’s mass time acceleration term. Newman 
(1961) avoided the shortcomings of Peters and Stoker by introducing refinements using a 
systematic expansion in multiple small parameters. Unfortunately, as with thin-ship 
theory, most nontrivial hydrodynamic effects are higher order compared to the Froude-
Krylov exciting force and the hydrostatic restoring force. 
At the same time an alternative strip slender-body was also being studied. Korvin-
Kroukovsky (1955) did the initial work. Using a combination of slender-body theory and 
good physical insight, they developed a theory for heave and pitch that was suitable for 
numerical computations for the newly emerging digital computers. Strip theory was the 
first ship motion theory that gave results with enough engineering accuracy that the 
predicted motions were useful for design purposes. In the late 1960’s more 
comprehensive strip theories were developed, most widely cited is Salvensen, et al. 
(1970). Using a combination of mathematics and judicious assumptions, these researchers 
arrived at a form of strip theory that today is still the most widely used method for 
seakeeping computations of ships. 
Strip theory is a short wavelength theory and slender-body theory is a long 
wavelength theory. Attempts have been made to bridge the gap and find the theory that is 
valid over a wide frequency range. The interpolation theory of Mauro (1970) and the 
unified theory of Newman are typical examples. Comparisons with experimental results 
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by Sclavounos (1990) have indicated improved predictions relative to strip theory 
predictions. 
By the late 1970’s the Neumann-Kelvin approach was starting to be used. In this 
approach the body boundary condition is applied on the mean position of the exact body 
surface and the linearized free-surface boundary condition is used. The traditional 
approach to solve the Neumann-Kelvin problem is to use boundary integral methods in 
which the solution is formulated in terms of integrals of fundamental singularities (source 
and dipoles) over the surface surrounding the fluid domain. 
Hess and Smith (1964) pioneered boundary element methods for flow without a 
free surface (equivalent to a double-body flow with a rigid body surface). Using just a 
source distribution, they subdivide the body surface into N flat quadrilaterals over which 
the source strength was assumed constant. The flat quadrilaterals were often called panels 
and now the term “panel methods” has come to mean any solution technique in which the 
body surface (and possibly other surfaces of the problem) has been subdivided. In panel 
methods, two tasks require almost all the computational effort. The first is setting up the 
influence matrix that requires multiple evaluations of the Green function for the problem. 
The second is solving the resulting linear system of equations. 
Boundary element methods, while the most popular, are not the only methods 
available to solve the Neumann-Kelvin problem. Finite element or finite difference 
approaches can also be used. The only drawback is the mesh generation for a complex 
body geometry. The total computation effort and accuracy of the different numerical 
techniques depends on the details of the problem, the code, and the computers on which it 
is to be run. Several commercial codes are available, the first probably being Garrison 
(1978) and the most widely used is Wave Analysis Massachusetts Institute of Technology 
(WAMIT) (Korsmeyer et al. 1988). The codes have been extended to include second 
order mean drift and slowly vary forces. 
WAMIT is a radiation/diffraction program developed for the analysis of the 
interaction of surface waves with offshore structures. WAMIT was used for the 
mathematical modeling of the barge and the ship and is based on a three-dimensional 
panel method. The theory and formulation of WAMIT is described in the following 
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section. The most recent developments and computation methods are described in detail 
in [Ref. 1]  
C. COMPUTATION OF MOTIONS IN REGULAR WAVES 
The response of a ship advancing in a seaway is a complicated phenomenon 
involving the interactions between the vessel dynamics and several distinct 
hydrodynamic forces. All ship responses are nonlinear to some extent but in many cases 
when nonlinearities are small a linear theory will yield good predictions. As discussed in 
the previous section, the seaway can be considered a random process and spectral 
techniques can be used to define the characteristics of the seaway. By knowing the 
responses of a ship to regular waves of different frequencies, we can predict the statistics 
of the response to actual random seaways. In Ref. [2] the interested reader could find 
more details about the computation of vessel’s motion, here a short discussion will be 
presented. 
1. Calculation Of Motions Using Six Degrees Of Freedom 
A ship advancing at a steady mean forward speed with arbitrary heading in a train 
of regular waves will move in six degrees of freedom. That is the ship’s motion can be 
considered to be made up of three translational components, surge, sway and heave, and 
three rotational components, roll, pitch and yaw as shown in Figure 1. The six modes of 
motion are therefore: 
1η  = surge = translation in x-direction 
2η  = sway = translation in y-direction 
3η  = heave = translation in z-direction 
4η  = roll = rotation about x-axis 
5η  = pitch = rotation about y-axis 
6η  = yaw = rotation about z-axis 
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Figure 1. Rigid Body Motions of a Vessel, from Ref. [2] 
 
In the problem to be formulated here, as origin will be considered a point in the 
waterline ( ), on the centerline ( ) and at the longitudinal center of gravity 
(which is also the longitudinal center of buoyancy for a freely floating body). 
0z = 0y =
In order to be able to compute all responses of any vessel to regular waves, it is 
necessary to deal with the full six degrees of freedom equations, considering important 
couplings among them. Here only the final linear form of the equations of motion will be 
presented. Detailed derivations of the equations of motion may be found in Salvensen, et 
al (1970), Newman (1977), Ogilvie (1964), or Wehausen (1971). 
The linearization of the equations is made on the basis of small motions. The 
motions will in general be small if the ship is stable and the incident wave amplitude is 
relatively small. The principal exceptions to this rule are resonant situations where 
damping is small, e.g., roll resonance in beam seas. Experimental and theoretical 
investigations have shown that a linear analysis of ship motions gives excellent 
predictions over a wide variety of sea conditions and vessel types. In situations where the 
linear theory assumptions are in doubt, only experiments can be used to compare the 
calculation results.  
In linear theory, the responses of the vessel will be linear with (i.e. directly 
proportional to) wave amplitude and occur at the frequency at which the ship perceives 
the incident waves. This is an important point because even though it allows the use of 
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powerful linear tools, it also puts limitations on the results, which must be recognized. 
Since only the response of the vessel in sinusoidal waves (regular waves) is being 
considered in this section, the vessel’s responses in the time domain, , will be 
sinusoidal at the frequency of encounter and can be written as follows: 
( )j tη
 ( ) 1, 2...6ei tj jt e jωη η= =  (1) 
where, jη is the complex amplitude of the vessel’s response in the j -th direction and 
 refer to surge, sway, heave, roll, pitch, and yaw respectively and  is the 
frequency of encounter and equals 






ω µ−  (2) 
where, µ  is the angle that the ship moves with respect to the regular waves,  is the 
frequency of the regular wave and U is the speed of the ship. When the ship’s speed is 




Using the linear theory, the motion of a vessel can be modeled as a generalized 
spring-mass-damper system. The equations of motion then are written as six 
simultaneous linear equations in the time domain: 
  (3) ( ) 06 6 6
1 1 1
1, 2,...6i tHjk jk k jk k jk k j
k k k
M A B C F e jωη η η
= = =
+ + + = =∑ ∑ ∑ 

















  (4) 
Substituting Equations (4) into Equation (3) and eliminating the  term we have the 
system of equations in the frequency domain: 
i te οω
 ( )6 2
1
H
o jk jk o jk jk k j
k
M A i B C Fω ω η
=

− + + + =∑   (5) 
8 
The  terms are called hydrodynamic added mass. These terms are in phase with 
vertical accelerations and physically  represent the force component in the 
jkA
jkA j -th mode 
of motion due to the acceleration in the -th mode of motion. The k jkB  terms correspond 
to hydrodynamic damping in phase with vertical velocity, and physically jkB  represent 
the force component in the j -th mode of motion due to the velocity in the -th mode of 
motion. Generally both  and 
k
jkA jkB  are functions of frequency. Terms involving the 
coefficients  are the restoring forces and moments representing the net hydrostatic 
buoyancy effects of the ship motions and similarly C  are the hydrostatic restoring force 
coefficients in the 
jkC
jk
j -th direction due to -th motion. The k HjF  terms represent the 
hydrodynamic wave exciting forces and moments and are usually subdivided into two 
components as follows: 
 H Ij jF F F= +
D
j  (6) 
The terms  are the complex amplitudes of the wave exciting forces and moments due 
to incident waves, also known as Froude-Krylov exciting forces after the classical work 
on ship rolling done by Froude (1861), and generalized to six degrees of freedom by 
Krylov (1898). The Froude-Krylov excitations represent the integration of the pressure 





jF  terms are the complex amplitudes of the wave exciting forces and 
moments due to diffracted waves. The diffraction exciting forces and moments are 
caused by the diffraction or modification of the incident waves due to the presence of the 
vessel. The computation of these terms is possible by using the so-called Haskind 
Relations, which are presented later in this Chapter. The Froude-Krylov forces and 
moments are sometimes used to approximate the total exciting forces since this is a 
considerably simpler task. This is a good approximation only if the wavelength is much 
larger than the length of the vessel, such as in the case of a small underwater vehicle in 
waves. For shorter wavelengths the approximation is increasingly inaccurate because the 




Figure 2. Sketch Defining the Relative Position and Geometry of the CAPE-D and 
RRDF 
 
Equations (5) hold for a vessel floating in the open sea without any object in the 
proximity. In the case under consideration here, a ship (CAPE-D or CAPE-H) and a 
barge (RRDF) are floating very close to one another while maintaining zero speed. The 
relative position and the geometry of the two vessels can be seen in Figure (2). The short 
distance between the two vessels stimulates radiative effects. This is the result of the 
waves striking on one vessel, bouncing off its hull, and then striking the other vessel. 
Considerable coupling is created between the two vessels, which depends on the relative 
direction of the incident waves. In order to model accurately the motion of the ship and 
the barge, coupling coefficients have to be introduced, and the equations of motion of the 
two vessels have to be solved simultaneously. Now the system is made of twelve 
equations and twelve unknowns. The twelve unknowns are the six degrees of freedom of 
the ship and the six degrees of freedom of the barge. In matrix form the system can be 
represented by a single matrix equation 
 [ ] [ ] [ ]( ){ } { }20 0M A i B C Fω ω η− + + + =  (7) 
From Equation (7) and by knowing the values of the coefficients and the exciting 
forces, we can obtain the twelve modes of motion for every frequency as follows: 
10 
 { } [ ] [ ] [ ]( { }120 0 )M A i B C Fη ω ω −= − + + +  (8) 
The solution of the above equation provides the RAO for every motion of the 
ship’s and the barge’s center of gravity. Knowing the motions of the gravitational center 
and by observing the geometry, the vertical motion of every point aboard the ship or the 
barge can be found as: 
 3 4 5y xξ η η η= + −  (9) 
where ξ  is the complex local amplitude of the vertical motion of the given point and ,x y  
are its coordinates on the body fixed frame. 
The determination of the coefficients, the amplitudes of the exciting forces and 
moments in Equation (8) represents the major task in ship motions calculations. The 
problem can be simplified by the use of advanced computational techniques as those 
discussed in the previous section. 
 
2. Calculation Of Motions Using a Three Degrees Of Freedom 
Approximation 
Many times in calculating the motions of a vessel can be assumed that the 
coupling between the six degrees of freedom is not strong and Equations (5) can be 
decoupled. This is valid for the case of an unrestrained ship with port/starboard symmetry 
where the six equations may be uncoupled into two sets of three equations. The vertical-
plane or longitudinal motions (surge, heave and pitch) are uncoupled from the horizontal-
plane or transverse motions (sway, roll, and yaw). It should be noted that the lack of 
coupling between the vertical and horizontal modes is a consequence of linear theory. In 
nonlinear theories such cross-coupling may be present. For some ship motion problems 
this non-linear coupling can be very important. For example, there is a non-linear heave-
roll cross-coupling that can lead to roll instabilities and eventual ship capsizing (Kerwin, 
1955) or (Ogilvie and Beck, 1973). Another example is the nonlinear pitch-yaw coupling 
that results from varying submergence of the bow due to pitch motion (Korvin-
Kroukovsky, 1980). 
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In Ref. [3] a detailed formulation of the equations (using the above 
approximation) of the ship and the barge, under consideration, can be found. Proximity 
effects were included into the equations, thereby introducing hydrodynamic coupling 
between the barge and the ship. The detailed formulation will not presented here, 
however some of the results obtained by this method are going to be presented in the 
results section for comparison. 
 
3. Determination Of the Hydrodynamic Forces and Coefficients Using 
WAMIT 
In the present study we utilized results obtained from WAMIT. A short discussion 
of how WAMIT calculates the coefficients under determination will be presented here. 
For more details the reader should refer to WAMIT user manual [Ref. 4]. 
The objective of WAMIT is to evaluate the unsteady hydrodynamic pressure, 
loads and motions of the body, as well as the induced pressure and velocity in the fluid 
domain. The free-surface and body-boundary conditions are linearized, the flow is 
assumed to be potential, free of separation or lifting effects. A harmonic time dependence 
is adopted. Figure 3 illustrates a three-dimensional body interacting with plane 
progressive waves in water of finite water depth H 
 
Figure 3. Sketch Defining the Coordinates, Fluid Depth, and Wave-Heading Angle  
from Ref. [3]. 
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The Cartesian coordinate system ( , , )x y z  defined in Figure 3 is stationary relative 
to the undisturbed position of the free surface and body. Its origin may lie on, above or 
below the free surface, as the particular application requires. The body geometry input to 
WAMIT is defined relative to that system. Here, the origin is located on the free surface 
for the sake of simplicity. 
The assumption of a potential flow permits the definition of the flow velocity as 
the gradient of the velocity potential  satisfying the Laplace equation Φ
  (10) 2 0∇ Φ =
in the fluid domain. The harmonic time dependence allows the definition of a complex 
velocity potential ϕ , related to  by Φ
  (11) ( 0Re i te ωϕΦ = )
where Re denotes the real part,  is the frequency of the incident wave and  is time. 
The ensuing boundary-value problem will be expressed in terms of the complex velocity 
potential, 
0ω t
ϕ  with the understanding that the product of all complex quantities with the 
factor  applies. The linearized form of the free-surface condition is 0ie ω t
 0, 0z K zϕ ϕ− = =  (12) 
where , and  is the acceleration of gravity. The velocity potential of the 
incident wave is defined by 
2 /K ω= g g
 




i x i yz HigA e
H




=  (13) 






ν ν=  (14) 
and β  is the angle between the direction of propagation of the incident wave and the 
positive x  axis as defined in Figure 3. 
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The linearization of the problem permits the decomposition of the velocity 
potential into the radiation and diffraction components 






i j jϕ ω η ϕ
=
= ∑  (16) 
 0D 7ϕ ϕ ϕ= +  (17) 
The constants jη  denote the complex amplitudes of the body oscillatory motion 
in its six rigid-body degrees of freedom, and jϕ  the corresponding unit-amplitude 
radiation potentials. The velocity potential 7ϕ  represents the scattered disturbance of the 
incident wave by the body fixed at its undisturbed position. The sum (17) will refer to as 
the diffraction potential Dϕ . 
On the undisturbed position of the body boundary, the radiation and diffraction 
potentials are subject to the conditions 
 jn jnϕ =  (18) 
 0Dnϕ =  (19) 
where n and x×n, x ( 1 2 3, ,n n n =) )( 4 5 6, ,n n n =) ( , ,x y z= . The unit vector n is normal to 
the body boundary and points out of the fluid domain. 
In WAMIT the boundary value problems (10)-(19) are solved by using Green’s 
theorem to derive integral equations for the radiation and diffraction velocity potentials 
on the body boundary. The integral equation satisfied by the radiation velocity potentials 
jϕ  on the body boundary takes the form 
 ( ) ( ) ( ) ( );2 ;j j jSb Sb
G x
x d n G x
nξ
ξ
π dϕ ϕ ξ ξ ξ ξ∂+ =
∂∫∫ ∫∫  (20) 
where  denotes body wetted surface at calm water and bS ( ;G x )ξ  is the Green function. 
The corresponding equation for the total diffraction velocity potential Dϕ  is 
14 





πϕ ϕ ξ ξ πϕ∂+
∂∫∫ x=  (21) 
The diffraction potential may also be obtained from Equation (17) after solving 
for the scattered potential 7ϕ . The equation for the scattered velocity potential is 





π x dϕ ϕ ξ ξ ξ ξ∂ ∂+ = −
∂ ∂∫∫ ∫∫  (22) 
The Green function G x( ; )ξ  is referred to as the wave source potential. It is the 
velocity potential at the point x due to a point source of strength  located at point 4π− ξ . 






k zK eG x dk J kR











 ( ) ( ) (2 22r x y zξ η ζ= − + − + −  (24) 
 ( ) ( ) (2 22r x y z )2ξ η ζ′ = − + − + +  (25) 
where  is the Bessel function of zero order. In finite depth, the Green function is 
defined by 
( )0J x
( ) ( ) ( ) ( ) (00
cosh cosh1 1; 2
sinh cosh
kHk K k z H k HG x dk e J kR
r r k kH K kH





  (27) ( ) ( ) ( ) ( )2 2 2 2r x y z Hξ η ζ′′ = − + − + + +
In both expressions (23) and (26) the Fourier k -integration is intended above the 
pole on the real axis in order to enforce the radiation condition. Efficient algorithms for 
the evaluation of the infinite and finite-depth wave-source potentials and their spatial 
derivatives have been developed. Provision has been made in WAMIT to permit the 
logarithmic singularity and its derivatives to be integrated analytically in the solution of 
the integral equations when the source and field points are close to each other and to the 
free surface. 
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As already mentioned in the above section, WAMIT utilizes the panel method for 
discretization. This allows for numerical solution of the above integral equations. The 
mean position of the body’s wetted surface is approximated by a collection of 
quadrilaterals. Four vertices, lying on the body’s surface, define each quadrilateral. In 
general the quadrilaterals defined above are not plane, but if a sufficiently fine 
discretization is used for the boundary surface with continuous curvature, each element 
will approach a plane surface. 
The above solution of the velocity and scattering potentials allows WAMIT to 
calculate the coefficients of Equation (5), which can be written in matrix form as  
 [ ] [ ] [ ]( ){ } { }20 0M A i B C Fω ω η− + + + =  (28) 





















mz my I I I
mz mx I I I











m  is the body mass, ( , ,g g gx y z  are the coordinates of the center of gravity and ijI  are 
the moments of inertia in terms of the corresponding radii of gyration. 
The forces and other quantities evaluated by WAMIT are output in a standard 
nondimensional form, in terms of the appropriate combinations of the water density ρ , 
the acceleration of gravity , the incident-wave amplitude , the frequency , and the 
length scale . 
g A ω
L
All hydrostatic data can be expressed in the form of surface integrals over the 
mean body wetted surface , by virtue of Gauss’ divergence theorem. So the mass can 
be found by 
bS
 m ρ= ∀  (30) 
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where ∀  is the underwater volume and can be calculated by 
  (31) 1 2
b b bS S S




The elements of the hydrostatic and gravitational coefficients matrix  in 
Equation (28) can be found as follows: 
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C g n dS
C g yn dS
C g xn dS
C g y n dS g z m
C g xyn dS
C g x mgx
C g x n dS g z m














= − ∀ +
= + ∀ −







WAMIT’s output format is in non-dimensional form that is defined as: 
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( ) ( )
( ) ( )
( ) ( )
( ) ( )
( ) ( )
( ) ( )
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3,5 3,5 /








































where  for all  except for  and . For all other values 
of the indices . In particular,  
( ) (,C i j C j i=
( ), , ,i j C i
,i j (4,6C
( )6, 4C C
(5,6C
) 0.= =0j = (6,5
The added mass and added damping coefficients of the matrices  and A B  of 




ij ij i jS
iA B n dρ ϕ
ω
− = ∫∫ S  (34) 
in the non-dimensional output form 
 ij ijij ijk
A B
A B
L Lkρ ρ ω
= =  (35) 
where  for i j ,  for i  or i  and 





4k = 1,2,3, 4,5,6j= = 4,5,6, 1,2,3j= =
5k = 4,=







ωρ ϕ ϕ ∂= − − ∂ ∫∫ dS
D
 (36) 




X i nωρ ϕ= − ∫∫ dS  (37) 




=  (38) 
where  for i  and  for i . 2m = 1,2,3= 3m = 4,5,6=
D. RESULTS 
Numerical results are presented for the Cape-D class of ships and the RRDF2000 
(Roll-On Roll-Off Discharge Facility). The RRDF is made up of a number of 
interconnected modules, in an asymmetrical way, as can be seen in Figure 4. Each 
module has 8x8x40 ft nominal dimensions, and floats at an approximate draft of 2 ft. The 
RRDF is placed astern of the Cape-D ship which is equipped with a stern ramp only. The 
Cape-D ship has a length of 634 ft, beam 97 ft, nominal draft 32.4 ft, and displaces 
approximately 36,000 tons. This ship is part of the Ready Reserve Force and is one of the 
main ships used for dry cargo transfer by the Military Sealift Command’s (MSC) 
Strategic Sealift Forces. A picture of the ship is shown in Figure 5. Raw WAMIT results 
for this configuration in terms of added mass, damping, hydrostatic, and wave exciting 
forces were provided by NSWC, Carderock Division. Calculations were performed for 30 
18 
frequencies ranging from 0.3 to 2.5 rad/sec and for 24 headings, 0 to 345 degrees in 15 
degree increments. We remind the reader that, as shown in Figure 3, 0 deg corresponds to 
following (astern) seas, 180 deg to head seas, 90 deg to starboard beam seas, and 270 deg 
to port beam seas. 
RRDF.PLT
 




Figure 5. Typical Views of the Cape-D Ship Class. 
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Regular wave results are presented in Figures A1 through A44 in Appendix A. 
Figures A1 and A2 show the heave response for the Cape-D per unit wave amplitude for 
various wave directions. It should be emphasized that, at this point, the ramp is not 
included in the formulation. Therefore, there is no structural coupling between the two 
bodies, although of course hydrodynamic coupling is fully included. The results are 
port/starboard symmetric. This shows that ship response is unaffected by the presence of 
the RRDF, a result which is consistent with physical intuition. Figures A3 and A4 show 
the corresponding heave response for the RRDF. It can be seen that in this case, a slight 
asymmetry between port beam and starboard beam seas has developed. This is due to the 
asymmetric nature of the RRDF as shown in Figure 4. Also, heave response is less for 
head seas than following seas, a result which is partially due to the sheltering of the 
RRDF by the ship. As expected (Ref [8]) the roll motion for a large monohull, as the 
CAPE-D, is lightly damped especially for low frequencies. This explains the large values 
for the ship’s roll motion at wave periods greater than 18 seconds. Corresponding plots, 
with similar conclusions, for the roll and pitch responses are shown in Figures A5 
through A12. Only heave, pitch, and roll motions are presented since these motions 
determine the vertical motion at the interface between ship and RRDF, which is analyzed 
in the following chapters. 
Figures A13 through A28 are presented in order to gain some understanding on 
the hydrodynamic coupling aspects of the motions of the two bodies. These figures show 
a comparison between the full 12 degrees of freedom (6 from each body) solutions and 
simplified reduced approximations where only vertical plane motions are considered. The 
latter approximation is often utilized in seakeeping studies, since it is generally accepted 
that linear vertical plane motions (heave, pitch, and roll) are decoupled from horizontal 
plane motions (sway, yaw, and surge). Both the amplitude and the phase angle are 
included in the figures. Based on this set of figures, the following conclusions can be 
made: 
1. Ship vertical/horizontal plane coupling is negligible for following seas, and it is 
small for head seas.  
2. Ship vertical/horizontal plane coupling can be significant for beam seas. 
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3. RRDF coupling between horizontal and vertical plane motions is significant 
throughout the wave direction and frequency range and cannot be neglected. This 
means that any attempts to simplify the motion of the RRDF into an equivalent 
low order dynamical system will have to proceed very cautiously. In this thesis, 
we will continue to utilize the full 12-degree of freedom hydrodynamic model. 
Figures A29 through A44 present the vertical motion at the two connection points 
between the ship and the RRDF. Point A is the starboard connection point, and point B is 
at port. These motions are used as the basis for the structural coupling in the 
Ship/ramp/RRDF system and also form some of the primary Response Amplitude 
Operators (RAO) that are further studied in the next chapters. The phase angle for the 
Ship/RRDF vertical motions is also shown in the figures, in order to explain the fact that 
the relative motion between the two points is not simply the difference between the 
amplitudes of the two vertical motions. Points where the relative motion experiences a 
peak will become very important in the subsequent chapters, since they will relate to 
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III. RAMP MODELING 
A. INTRODUCTION 
Following the numerical solution for the motions of the ship and the barge, the 
formulation of the mathematical model of the ramp between the ship and the barge must 
be done. Previous work done on this subject has shown shortcomings that have to be 
overcome. In Ref. [3] a simplified second order system was used to simulate the ramp, 
also the solution of the barge and the ship motion was found using the three degrees of 
freedom hydrodynamic approximation described in the previous chapter. In Ref. [5], an 
analytical model for the ramp was created by using Timoshenko’s plate theory but a 
simplified spring-mass-damper system was used for the barge. In Ref. [6] a detailed finite 
element model of the ramp was used to show the influence of the roll motion in the stress 
profile of the ramp, but the plate was not directly coupled with the barge and the ship. 
B. RAMP MODELING USING FINITE ELEMENT METHOD 
In this work, we will approximate the ramp by a rectangular plate with uniform 
properties. This approximation is valid here since our primary concern is to establish the 
level of influence that a structural component such as a ramp has on a floating body such 
as the RRDF. This approximation allows us to use relatively simple algorithms and 
computer programs that can be easily adjusted in order to examine different coupling 
conditions. For comparison purposes only the relative magnitudes of the stresses are of 
interest for the different coupling conditions, and not their exact values. Once the 
ramp/RRDF influence levels have been established, one could use more detailed finite 
element techniques such as those presented in [6] for accurate stress calculations, or the 
strategies developed in [5] for active control studies. 
A finite element model for the ramp was created using shear deformable plate 
elements, as described in Ref. [7]. The Mindlin/Reissner theory was utilized for the 
formulation of the stiffness matrix. This theory includes the effect of the transverse shear 
deformation like the Timoshenko beam theory. Hence, a plane normal to the midplane of 
the plate before the deformation does not remain normal to the midplane any longer after 
the deformation. An expression for the internal energy of the shear deformable plate 
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should include transverse shear energy and bending energy as well. The internal energy is 
expressed as: 
 { } { } { } { }1
2 2
T
b b s sV V
U dV κσ ε σ ε= +∫ ∫ T dV  (39) 
where  
 { } { }Tb x y xyσ σ σ τ=  (40) 
 { } { }Tb x y xyε ε ε γ=  (41) 
are the bending stress and strain components while, 
 { } { }Ts xz yzσ τ τ=  (42) 
 { } { }Ts xz yzε γ γ=  (43) 
are the transverse shear components. Additionally,  is the shear energy correction 




 and V  indicates integration over the volume. 
Substitution of the equations (40)-(43) into (39) yields 
 { } [ ]{ } { } [ ]{ }1
2 2
T T
b b b s s sV V
U D dV Dκε ε ε ε= +∫ ∫ dV  (44) 
in which 
















  (45) 
is the constitutive equation for the plane stress condition and 






=     (46) 
Further, G  is the shear modulus and ν  is the Poisson’s Ratio. 
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Next, in order to derive the element stiffness matrix for the shear deformable 
plate, the strains need to be expressed in terms of nodal variables. The displacements 
along the ,x y  plane are given as 
  (47) ( ,xu z x yθ= − )
)
)
  (48) ( ,yv z x yθ= −
and the transverse displacement along the  axis is z
  (49) ( ,w w x y=
where  and  are the rotations of the midplane about the  and xθ yθ y x  axes respectively. 

















where γ  is the angle caused by the transverse shear deformation. 
The displacement  and the slope  are independent. Because of their 
independence we need shape functions to interpolate them independently. As a result, the 
shear deformable plate element requires C  compatibility. The isoparametric shape 





 ( ) ( )(1 1, 1 14H )ξ η ξ η= − −  (52) 
 ( ) ( )(2 1, 1 14H )ξ η ξ η= + −  (53) 
 ( ) ( )(3 1, 1 14H )ξ η ξ η= + +  (54) 
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 ( ) ( )(4 1, 1 14H )ξ η ξ η= − +  (55) 
and ,ξ η  are the natural coordinates of the isoparametric element. A point ( ),ξ η  within 
the natural element is mapped into a point ( , )x y  within the physical element, using the 
















y H ξ η
=
=∑
Then the transverse displacement and the slopes are interpolated as 






w H ξ η
=
=∑






Hθ ξ η θ
=
=∑  (59) 






Hθ yξ η θ
=
=∑  (60) 
Here  is the number of nodes per element and the same shape functions are used for the 
displacement and slope interpolations. In the formulation presented here, bilinear 
isoparametric shape functions are used for simplicity. For more information about 
bilinear isoparametric elements and shape functions the interested reader should read the 
corresponding chapter in Ref. [7]. The bilinear isoparametric elements have four nodes 
per element. So the total degrees of freedom per element are twelve. 
n
Both bending and shear strains for each element are computed from 
displacements 
 { } [ ]{ }eb bz B dε = −  (61) 
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0 0 0 0 0 0 0 0
0 0 0 0 0 0 0
0 0 0 0
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∂∂ ∂ ∂  ∂ ∂ ∂ ∂ ∂∂ ∂ ∂ 




 [ ]sB =  
31 2
1 2 3 4
31 2
1 2 3 4
0 0 0 0
0 0 0 0




HH HH H H H
y y y
∂∂ ∂ 
− − − − ∂ ∂ ∂ ∂∂ ∂ 










 { }ed =  
( ) ( ) ( ) ( ) ( ) ( ) ( ) ( ){ }1 2 31 2 3 41 2 3 Tx y x y x y x yw w wθ θ θ θ θ θ θ θ 44 w (65) 
and  
Finally, substitution of Equations (61) and (62) into the energy expression (44) 
yields for each plate element 
  U =
{ } [ ] [ ][ ] { } { } [ ] [ ][ ] { }12 2e e
T TT Te e e
b b b s s sz z
d B D B dzd d d B D B dzd dκ
Ω Ω
Ω + Ω∫ ∫ ∫ ∫ e (66) 
As a result, the element stiffness matrix for the plate bending can be expressed as 




b b b s s s
tK B D B J d t B D B J dκ
Ω Ω
  = Ω+  ∫ ∫ Ω
)
 (67) 
where  is the plate thickness and  is the Jacobian matrix to transform from the natural 
coordinates (
t J
,ξ η  to physical coordinates ( ),x y . 
The mass matrix for each plate element can be found (Ref. [7]) as 
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 [ ] [ ]e TeM A H H J dρΩ  =  ∫ Ω  (68) 
where  is the length of the individual element, l ρ  is the mass density of the ramp,  is 
the cross sectional area of the ramp and 
A
[ ]H  is the diagonal matrix of the shape 
functions. The above matrix is called the consistent mass matrix. A more computational 
efficient form of the above mass matrix is the lumped mass matrix, which is a diagonal 
matrix and can be developed using a method described in Ref. [7]. In the case of the 
shear deformable element the lumped mass matrix is as follows 
 
0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0
0 0 1 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 1 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 04
0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 1 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 1
e AM ρ
           =             
 (69) 
Using a program in MATLAB the mass matrix and the stiffness matrix of the 
whole ramp can be found for every boundary condition that the user specifies. The mesh 
of the finite element model consisted of 100 elements as can be seen in Figure (6). A total 
of 121 nodes were used with a total of 363 degrees of freedom.  
C. VALIDATION OF THE RAMP MODEL 
The finite element model of the ramp described above approximates the 
complicated structure of the physical ramp, with a plate of uniform properties. The 
thickness and the modulus of elasticity of the model should be selected so that the natural 
frequencies of the model are comparable with the natural frequencies of the physical 
ramp. In Ref. [6] a complicated finite element model was validated and the natural 
frequencies were found for various boundary conditions. Those natural frequencies were 
used as reference for the selection of the appropriate thickness and modulus of elasticity 
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using the same boundary conditions. The natural frequencies of the ramp model were 
calculated by solving the eigenvalue-eigenvector problem 
 [ ] [ ]( ){ }2 0K M dω− = , (70) 
where  is the natural frequency in radians per second and ω { }d  is the corresponding 
mode shape. Different ramp thickness and Young’s moduli were tested, and the 
corresponding natural frequencies were found. The natural frequencies obtained from the 
solution of the above problem can be seen in the Table 1. 
 
From Ref. [6] 
case 5 
E = 39*106 psi, 
t = 10 in 
E = 29*106 psi, 
t = 20 in 
E = 40*106 psi, 
t = 20 in 
E = 49*106 psi, 
t = 25 in 
2.1 0.37 0.639 0.75 0.65 
2.62 1.22 2.1 2.47 2.64 
3.45 1.34 2.28 2.68 3.45 
6.65 2.6 4.46 5.24 6.04 
 
Table 1. Natural Frequencies of the Ramp Model. 
 
From the above results it is obvious that we cannot model exactly a complicated 
structure like the CAPE-D ramp as a plate, with uniform properties. Detailed finite 
element models are more appropriate for that purpose. Since the purpose of this work is 
to establish the interaction between the ramp and the RRDF and not to find the exact 
response and stress values of the ramp, the plate model can approximate with acceptable 
accuracy the physical ramp. The only exception to this is the first natural frequency, 
which corresponds to longitudinal bending. A closer look at the physical structure of the 
ramp reveals that the ramp is highly reinforced longitudinally by stiffeners that run 
throughout the whole length of the ramp. This explains the difference in the first natural 
frequency in bending. Based on the above observations, we select the last case presented 



















































































































































































































































































































































































IV. COUPLING BETWEEN SHIP RAMP AND BARGE MODELS 
A. INTRODUCTION 
In section II the mathematical models of the ship and the barge in regular waves 
were created. In section III the finite element of the ramp was created and validated. 
From those models the mass, stiffness, and damping matrices of each model can be 
found. Since damping was not considered for the ramp, its damping matrix is zero. 
Previous studies (see for example Ref. [5]), have suggested that active or passive motion 
compensation can reduce the motions and the stresses of the ramp. One such coupling 
condition for motion and stress reduction is the use of a spring-damper combination at the 
two ends of the ramp, between the barge and the ramp. This coupling method is used in 
the current work. The coupling methodology is, however, general enough so that other 
coupling conditions can be also used. A sketch of the system can be seen in Figure 7. 
B. COUPLING BETWEEN SHIP, RAMP, BARGE 
The equations of motion for the ship, the ramp and the barge in the time domain 
are 
 [ ]{ } [ ]{ } [ ]{ } { }s s s s s s s wsM A B Cη η η+ + + =  F  (71) 
 { } { } { } { }p p p p p p pM d C d K d F     + + =        (72) 
 [ ]{ } [ ]{ } [ ]{ } { }b b b b b b b wbM A B Cη η η+ + + =  F  (73) 
where the subscripts s, b, and p correspond to the ship, the barge, and the ramp 
respectively. The matrices in the ship and barge equations were defined in section II and 
the matrices in the ramp equation were obtained from the finite element model as 
described in section III. The matrices  and  represent the wave forces acting on 
the barge and on the ship. Note that the damping matrix for the ramp is zero. Equations 
(71) and (73) have been solved as a system of twelve equations with twelve unknowns in 
section II.  
wbF wsF
Since the ship is very heavy compared to either the ramp or the barge, its inertia 
forces are orders of magnitude greater than the barge’s, it is reasonable to assume that its 
31 
motions are not going to be affected by the dynamic forces transmitted through the ramp. 
Therefore, the motions of the ship can be considered as uncoupled from the ramp and the 
barge and they are going to be given by the solution obtained in section II. 
1. Spring–Damper Coupling Condition 
The main coupling condition considered in this work is the spring-damper case. 
Between the ramp and the barge we assume the existence of two sets of spring-damper 
combinations attached to the end points of the ramp, as can be seen in Figure 7 in 
Appendix B. From the barge’s equations of motion, the heave, roll and pitch equations 
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+ + + + + +       
     





































ξ ξ ξ ξ
     
=      
= − − − − − − − −
  
+
the right hand side becomes 
  (74) ( )3wb A A B B A A B B A A B B A A B BLHS F k k c c w k w k w c w cξ ξ ξ ξ= − − − − + + + +   
where ξ  was defined in Equation (9) and  are the spring and damping 
coefficients at points  and 
, , ,A B A Bk k c c
A B , respectively. By substituting the value of ξ  in Equation 
(74) we get 
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( ) ( ) ( ) ( )
( ) ( ) ( )
3 4 5
3 4 5
wb b A B b A A B B b A A B B
b A B b A A B B b A A B B
A A B B A A B B
LHS F k k k y k y x k x k
c c c y c y x c x c
w k w k w c w c
η η η
η η η
= − + − + − − −
− + − + − − − +





Equation (75) can be written as 
 { }{ } { }{ } { }{ } (3 3 3 3 3b b b bp b bp b A A B B A A B B wbM A B C w k w k w c w c Fη η η+ + + − − − − =    ) (76) 
where  
 { } { }3 31 32 33 34 35bp A B A A B B A A B BC C C C k k C k y k y C k x k x C= + + + + − − 36 (77) 
and 
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+ + + + + +       
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ξ ξ ξ ξ
+
     
=      
= − − − − − − − −
  
 
 the right hand side becomes 
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  (79) ( )4wb A A A B B B A A A B B B
A A A B B B A A A B B B
LHS F k y k y c y c y
w k y w k y w c y w c y
ξ ξ ξ ξ= − − − −




After massaging equation (79) becomes 
 
{ }{ } { }{ } { }{ }
( )
4 4 4 4
4
b b b bp b bp b A A A B B B A A A B B B
wb
M A B C w k y w k y w c y w
F
η η η+ + + − − − −
=








41 42 43 44 45 46
bp
A A B B A A B B A A A B B B
C
C C C k y k y C k y k y C k x y k x y C
=








41 42 43 44 45 46
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A A B B A A B B A A A B B B
B
B B B c y c y B c y c y B c x y c x y B
=
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     
=      
= + − + − + − + −  
+
 
Easily can be shown that equation the above equation becomes 
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{ }{ } { }{ } { }{ }
( )
5 5 5 5
5
b b b bp b bp b A A A B B B A A A B B
wb
BM A B C w k x w k x w c x w
F
η η η+ + + + + + +
=








51 52 53 54 55 56
bp
A A B B A A A B B B A A B B
C
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For the ramp the equation of motion in the time domain becomes 
 { } { } { } { } ( ) ( )p p p p p p p A A A B B BM d C d K d F w k w kξ ξ     + + = + − + − +        
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Substituting ξ  and rearranging, Equation (86) becomes 
 { } { } { } ( ) (3 4p p p p p p A B A A B BM d C d K d k k k y k yη η     + + − + − +       ) −
) +
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 { }A A B B A A B B pw k w k w c w c F+ + + + =   (87) 
or 
 { } { } { } ( ) (3 4p p pb p pb p A B A A B BM d C d K d k k k y k yη η     + + − + − +       ) −  
( ) ( ) ( ) ( ) { }5 3 4 5A A B B A B A A B B A A B B px k x k c c c y c y x c x c Fη η η η− − − − + − + − − − =    (88) 
where 
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2. Roll Mitigation Coupling Condition 
The second coupling condition considered is a roll mitigation coupling condition. 
For demonstration purposes, we assume that one point of the barge is connected at the 
center of the ramp with the use of a special universal joint. This allows heave transfer 
from the barge to the ramp but leaves the two other degrees of freedom (roll and pitch) 
free. The universal joint will be modeled as a spring that connects one point at the end of 
the barge with three points in the middle of the ramp. The three points on the ramp were 
considered to represent an area in the physical model. The stiffness of the springs was 
chosen such that the vertical motion of the ramp follows the vertical motion of the barge 
without producing singularities in the solution. 
By constructing a free body diagram for the ramp and the barge the new equations 
of motion can be found. The coupled equations of motion of the barge for the heave, roll, 
pitch motions become 
 { }{ } { }{ } { }{ } { } (33 3 3 3
1
ib b b b b b b wb C C
i
) CM A B C F wη η η ξ
=
+ + + = − −∑  k
yc
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where  is the stiffness of the springs, and C C  represent the connection points on the 
barge and the ramp respectively. By substituting the value of 
Ck , i
ξ  in Equations (91) - (93) 
and rearranging we get 
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For the ramp the equation of motion in the time domain becomes 
 { } { } { } { } (3
1
ip p p p p p p C C
i
) CM d C d K d F w kξ
=
     + + = + −      ∑   (96) 
By substituting ξ  and rearranging, Equation (96) becomes 
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C. COUPLED SOLUTION IN FREQUENCY DOMAIN  
The solution of the ship-ramp-barge system in the frequency domain is required in 
order to obtain the new RAO of the barge motions and the RAO of the ramp motion. In 
order to obtain the solution of the complete system, the motion of the ship has to be taken 
into account. It is assumed that the end of the ramp attached to the ship is pinned on the 
ship’s stern. Therefore, all the points along the ship-end of the ramp are going to follow 
the ship’s vertical motion. This induces the following boundary condition for all points 
across the ship-end of the ramp 
 
ii
w sξ=  (100) 
and 
  (101) ( ) 4x iθ = − sη
where  is the displacement along the z axis of a point i  on the ramp,  is the 
rotation along the x axis of a point i  on the ramp, 
iw ( )x iθ
is
ξ  is the displacement along the z axis 
of a point  on the ship, and i 4sη  is the roll angle of the ship. 
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Quantities 4,iξ η  are known from the hydrodynamics of the ship. Therefore, 
Equations (100) and (101) can be implemented as boundary conditions in the finite 
element model of the ramp. This means that the stiffness and the force matrices of the 
ramp, as shown in Equations (90) and (99) have already taken into account the ship’s 
motions. 
It should be pointed out that the equations of motion of the barge as shown in (73) 
do not reflect the proximity effect of the ship’s presence. To take into account the ship’s 
presence, additional forces have to be added. In the solution presented in section II those 
forces were taken into account since the full 12  system was solved, while Equations 
(73) are only a  system. Forces due to proximity effects are added in Equations (76) 
and (94) as additional external excitation vectors 
12×
6 6×
{ }bsF  that are proportional to the ship’s 
accelerations and velocities.  
Furthermore, in the scenario considered in this work, the load of two tanks was 
placed in the middle of the ramp. This was done in order to model the envisioned worst-
case scenario of one vehicle stopped because of mechanical failure and another coming to 
provide assistance. This adds an additional force vector LF  in Equations (88) and (98). 
Therefore, the equations of the ramp and the barge can be coupled together in a single 
system of equations 
 { } { } { } { }aug aug aug aug aug aug augM d C d K d F     + + =        (102) 
where 
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  (107) 
and  are the coupling matrices, created by the additional left hand term 
quantities in the Equations (76), (88), (94) and (98). 
1 2 1 2, , ,C C K K
By using the same linear theory assumption as in section II the vector of 
displacements can be written as 
 { } { }2 ei taug e augd d ωω= − e  (108) 
 { } { } ei taug e augd i d e ωω=  (109) 
where again  is the frequency of the incoming wave and eω augd  are the complex 
amplitudes of the displacements. 
The solution of Equation (102) in the frequency domain then becomes 







M i C Kω ω
=  − + + 
 (110) 
where augF  are the complex amplitudes of the forces. 
The above solution represents the Response Amplitude Operator (RAO) of the 
ramp and the barge in the coupled system. 
D. STRESS CALCULATION FOR THE RAMP 
The solution of Equation (110) can be used to obtain the stress for the ramp. From 
Hooke’s Law it is known that 
  (111) Eσ = ε
 Gτ γ=  (112) 
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The strains can be found by substituting the solution of Equation (110) in 
Equations (61) and (62). Therefore, the Von-Misses stress for the elements of the ramp 
can be found from 
 ( ) ( ) ( ) ( )2 2 2 2 2 21 6
2VM x y y z z x xy yz xz
σ σ σ σ σ σ σ τ τ τ= − + − + − + + +  (115) 
where in our case . Unlike the ramp validation case, the true value of Young’s 
modulus of elasticity is used to calculate stresses. 
0zσ =
E. RESULTS 
Numerical results are presented in Appendix B. The general parameters used in 
the numerical solution are presented in Table 2. The spring-damper boundary conditions 
were used throughout the results, see Figure 7 of Appendix B for a schematic. The 
nominal values for the spring and damper constants are also shown in Appendix B. 
Unless otherwise stated, these values will be used for the results.  
The effect of the flexural rigidity of the ramp and the assumed boundary 
conditions on RRDF response is shown in Figure2 B1 through B24. It can be seen that, in 
general, the effects of the ramp does not alter the fundamental frequency response shape 
of the RRDF. This can be attributed to the high hydrostatic stiffness of the large 
waterplane area, shallow bodies, that make up the RRDF. Although the general shape of 
the response amplitude operator does not change, the relative values differ so that the 
response in a seaway will be different. This means that the effect of the ramp and the 
spring/damper constants on the RRDF is expected to be measurable and it could be 
quantified in random seas. This will be explored further in the next chapter.  
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A comprehensive set of plots showing the response of the RRDF as modified by 
the ramp, for all heading angles is presented in Figures B25 through B30. As expected, 
wave direction has a very significant effect on RRDF response. Therefore, results in 
random seas are expected to vary greatly depending on sea directionality. 
Figures B31 through B38 present results on the relative motions between at the 
two touchdown points between the ramp and the RRDF. Point A is the starboard 
connection point, and point B is the port connection point, see Figure 7. Figures B39 and 
B40 summarize the relative motion results for all wave headings. The relative motion 
results are used in figures B41 and B42 to calculate and present the ramp twist angle 
RAO as a function of frequency and wave direction. The ramp twist angle is of extreme 
importance in operations, since it is directly related to maximum stress, which is in most 
cases the limiting factor in performance. Figures B43 through B46 show 3-dimensional 
views of the ramp displacement field. These are presented selected frequencies and wave 
directions and are to be used for general visualization purposes; the vertical scale is much 
smaller than the horizontal scale and do not necessarily reflect the actual ramp 
deformation in a forced motion setting. 
Finally, the remaining figures in Appendix B show representative RAO’s in terms 
of ramp stress. The maximum stress in the ramp in terms of frequency and wave direction 
is shown in Figures B47 and B48. Peaks in the stress correspond to either maximum 
relative motion or ramp twist. When coupled with an appropriate seaway model, these 
will result in maximum expected values in a given seaway. Representative stress fields in 






V. RESPONSE IN A SEAWAY  
A. INTRODUCTION 
The ultimate goal of ship motion studies is to be able to predict how the ship will 
behave in realistic irregular seas. As already mentioned in section II the calculation of a 
vessel’s motions in regular waves is only the first step towards the prediction of the 
motions in a seaway. According to the method proposed in 1953 by St. Denis and 
Pierson, using spectral methods developed in other fields, it is possible to relate the 
spectral density of ship responses to the input ocean wave spectrum. In Ref. [2] and [8] 
the interested reader can find a very detailed discussion on seaway modeling. Here only a 
short description and some useful formulas will be presented.  
B. DESCRIPTION OF THE SEAWAY  
The wave patterns in an open sea are ever changing with time and space, in a 
manner that appears to defy analysis be it linear or second order Stokes waves. Ambient 
waves on the surface of the sea are dispersive as well as random. Random refers to the 
character of the wave height distribution. The generating mechanism is, predominantly, 
the effect upon the water surface of wind in the atmosphere. The wind is itself random, 
especially when viewed from the standpoint of the turbulent fluctuations and eddies 
which are important in generating waves. The randomness of sea waves is subsequently 
enhanced by their propagation over large distances in space and time and their exposure 
to the random nonuniformities of the water and air.  
According to the principle of superposition, one could attempt a description of the 
seaway deterministically accounting for each one of the individual wave components. 
Leaving aside the issue of whether such an approach is possible or not, it is clearly a 
highly impractical task. Fortunately, it is not required either. It would suffice to represent 
sea waves in a probabilistic manner.  
The statistical properties of a random process can be defined with two possible 
ways. It can be considered with statistical properties taken "across the ensemble" at fixed 
values of time , etc., or may be considered with properties of the random 
process taken "along the ensemble" where t t  etc., are assumed to vary. Description of 
1,t t t t= = 2
1 2, ,
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a random process so general would require an enormous amount of information. 
Fortunately, for certain random processes such as sea waves, it is possible to assume that 
the process is of a special form: "stationary", "homogeneous", and "ergodic". For sea 
waves it should be adequate to describe the wave environment over a period of a few 
hours (or before the next weather report comes in), and to assume that the wave motion is 
stationary (its statistics remain the same over time) during this interval of time. Likewise, 
there is no interest in describing the wave environment simultaneously throughout the 
world, a small area of operations is all is needed, and it can be assumed that the wave 
motion is homogeneous (its statistics remain the same in that area) in space over the area 
in question. These statements have meaning only in a statistical sense, since for a random 
wave system it would be funny to suggest that the precise wave motion is the same at 
different points in space or time. Eventually, it is reasonable to assume that the statistical 
properties of the waves measured over time, should be "typical" of the random process. 
This means that they should be the same even if we were able to sample all possible 
realizations of the wave motion at a fixed time. Such random processes are said to be 
ergodic.  
One of the most significant parameters needed in order to arrive at a statistical 
description of the seaway is the total mean energy of the wave system per unit area of the 
free surface ( E ). It can be shown from hydrodynamics that this is equal to:  
 ( )2
0 0
,E g S d d
πρ ω θ θ ω∞= ∫ ∫  (116) 
where  is the wave direction. The function  is called the spectral density and 
more rigorously can be defined as the Fourier transform of the correlation function for the 
free surface elevation. It is customary to ignore the factor 
θ ( ,S ω θ )
gρ  and to refer to the function 
 as the spectral energy density or simply the energy spectrum. More specifically, 
this is a directional energy spectrum. It can be integrated over all wave directions to give 
the frequency spectrum:  
( ,S ω θ )
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i.e., the area under the spectrum  is equal to (within the constant ( )S ω gρ ) the mean 
energy stored in that particular wave system. If one attempts to find the sea wave 
spectrum from measurements of the free surface elevation at a single point in space, for 
instance by recording the heave motion of a buoy, the directional characteristic of the 
waves will be lost. Only the frequency spectrum (117) can be determined from such a 
restricted set of data. A limited amount of directional information follows if one measures 
the slope of the free surface, for example by measuring the angular response of the buoy 
as well as its heave. A complete description of the directional wave spectrum requires an 
extensive array of measurements at several adjacent points in space, and there are 
practical difficulties associated with this task.  
As a simpler alternative, one can assume that the waves are unidirectional, with 
the energy spectrum proportional to a delta function in . Wave spectra of this form are 
called long crested, since the fluid motion is two-dimensional and the wave crests are 
parallel, and the frequency spectrum (117) is sufficient to describe the wave environment.  
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If the waves are generated by a single storm, far removed from the point of 
observation, it might be presumed that these waves would come from the direction of the 
storm in a long crested manner. The limitations of this assumption are obvious to anyone 
who has observed the sea surface. While a preferred direction may exist, especially for 
long swell that has traveled large distances, even these long waves will be distributed in 
their direction, and for short steep waves the directional variation is particularly 
significant. Since the superposition of such waves from a range of different directions 
appears in space as a variation of the free surface elevation in all directions, these waves 
are known as short crested waves.  
Usually in the fields of ocean engineering and naval architecture it is customary to 
assume that the waves are long crested. With such a simplification it is possible to use 
existing information for the frequency spectrum (117), which is based on a combination 
of theory and full-scale observations. Sea wave spectra depend on the velocity of the 
wind as well as its duration in time and the distance over which the wind is acting on the 
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free surface. This distance is known as the fetch. Wave spectra that have reached a steady 
state of equilibrium, independent of the duration and fetch are known as fully developed. 
There are many proposals of the analytical expression of the frequency spectrum. Some 
of them are generic and some of them are based on observations and data collected in 
specific geographical regions. A semi-empirical generic expression for the frequency 
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Here  and α β  are nondimensional parameters defining the spectrum, and U  is the wind 
velocity at a standard height of 19.5 meters above the free surface. This two parameters 
spectrum is sufficiently general to fit quite a few observations and is consistent with 
theoretical predictions of the high frequency limit. The most common values for these 
parameters are:  
  (120) 38.1 10 0.74andα −= × =β
and with these values it is known as the Pierson - Moscowitz spectrum.  
C. SHIP/RAMP/BARGE RESPONSE SPECTRAL ANALYSIS  
The relationship between motions in regular and irregular waves must be 
established in order to use either theoretical equations or experimental studies to lead to 
practical predictions of system behavior in a realistic seaway. The required relationship is 
expressed by the principle of linear superposition, which says that the response of a ship 
to an irregular sea can be represented by a linear summation of its responses to the 
component regular waves that comprise the irregular sea. To make use of this principle, a 
ship response to regular waves, whether it has been determined by calculation or by 
model measurement, is expressed in a Response Amplitude Operator (RAO) form as 
measure of the response to a regular wave of unit amplitude.  
Like the sea waves themselves, a ship response is a random variable. The 
statistics of a floating body response are identical to the wave statistics, except that the 
wave energy spectrum  is multiplied by the square of the RAO (this is a property of 
linear systems). Thus, if the subscript 
S
R  represents any body response, we have:  
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 ( ) ( ) ( )2R RS Z Sω ω= ω  (121) 
where  is the RAO of the response ( )RZ ω R , and  the spectrum of the seaway. 
Equation (121) can then be utilized to obtain the spectrum of the response 
( )S ω
R , and after 
that specific formulas can be used to provide the statistics of this response in a particular 
sea state.  
To a large extent, Equation (121) provides the justification for studying regular 
wave responses. The transfer function  is valid not only in regular waves, where it 
has been derived, but also in a superposition of regular waves, and ultimately in a 
spectrum of random waves. Generally speaking, a vessel with favorable response 
characteristics in regular waves will be good in irregular waves, and vice versa. This 
statement is oversimplified, however, and the relative shape of the energy spectrum and 
the transfer function is very crucial. For example, a large resonant response of the body 
will be of importance only if the resonant frequency is located close to the peak of the 
wave energy spectrum, and vice versa.  
( )RZ ω
Eventually, the statistical predictions of the amplitudes of ship motions may be 
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In order to present the random wave results in a more compact manner, the 
significant and the Root Mean Square (RMS) values of the responses will employed. The 
significant value of a random process is defined as the average of the 1/3 of the highest 
values of all responses and is frequently used in design to characterize the severity of a 
particular response. The RMS value can be easily computed from the spectrum of the 
response and is in the square root of the area under the spectrum of the response, which is 
the integral of the spectrum function over the frequency range. The significant value 
(single amplitude) is equal to two times the RMS value. To get the “8 hour maximum 
amplitude”, the RMS vale must be multiplied by four. This is also equal to the significant 
double amplitude or “height” (peak to trough deviation) of the response. 
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D. RESULTS 
Typical results in random seas are presented in Appendix C. For demonstration 
purposes, we use the standard Pierson-Moskowitz spectrum at sea state 3, shown in 
Figure C1. This corresponds to fully developed, long crested unidirectional seas of 
approximately 4 ft significant wave height, significant range of periods between 2 and 7 
seconds, an average period of 4 seconds, a wind speed of 15 knots, and waves of 
approximately 50 ft wave length. We also use three different settings of the spring and 
damper coefficients, as follows: 
• (k=1, c=1) corresponds to a soft spring/damper combination with both values 
equal to the nominal values shown in Table 2 of Appendix B. 
• (k=2, c=2) corresponds to a hard spring/damper combination with both values 
equal to 10 times the nominal values for k and c. 
• (k=3, c=3) corresponds to a very hard spring/damper combination with both 
values 100 times larger than the nominal values shown in Table 2 of 
Appendix B. 
Sample plots of response spectra are shown in Figures C2 through C13, in terms 
of the spectrum of the relative motion at connection point A. The various peaks in the 
spectrum correspond to combinations of peaks of the corresponding frequency response 
of the relative motion and the peak of the wave spectrum. 
The RMS value of the relative motion at connection point A is calculated based 
on the above spectra and is shown in Figure C14. Based on these results we can observe 
the following: 
1. The RMS values are higher at port beam and starboard beam seas. For 
directional sea spectra, the curves viewed as functions of heading would be 
smoother. 
2. Port/starboard response is not symmetric as has been discussed previously. 
3. Higher spring and/or damping coefficients result in less relative motions, as 
expected. This is more pronounced in the case of beam seas and less in the 
case of following or head seas. 
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Figures C15 through C20 present the results of Figure C14 in a set of polar plot 
contours. The radial coordinate in the polar plots is the RMS value of the relative motion, 
while the angular coordinate designates the wave heading. As can be seen, both spring 
and damper constants have a direct effect on the contour plots, with the greatest effect 
due to the spring constant. Figures C21 through C27 present similar results in terms of 
the ramp twist while Figures C28 through C34 present results in terms of the ramp 
maximum stress. Here, higher values of the spring constant result, in general, in higher 
levels of twist and stress. The above sets of graphs can be used to select a compromising 
set of values of spring constant and damping ratio, which will minimize both relative 
motions and stresses in a given seaway. 
The last sets of graphs, Figures C35 and C36, present for completeness the RMS 
values of the barge motion at points A and B as functions of heading, and parameterized 
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VI.  CONCLUSIONS AND RECOMMENDATIONS 
A. CONCLUSIONS 
Based on the methodology and the results presented in this thesis, the following 
conclusions can be made: 
1. The dynamics of the two ships show significant hydrodynamic coupling 
between vertical and horizontal plane motions. More specifically, 
vertical/horizontal plane coupling for the ship is small for head and 
following seas, but it can be significant for beam seas. 
2. Hydrodynamic coupling between horizontal and vertical plane motions for 
the RRDF is very significant throughout the wave direction and frequency 
range and cannot be neglected. 
3. Structural coupling of the ramp does not alter the fundamental frequency 
response shape of the RRDF. However, although the general shape of the 
response amplitude operator does not change, the relative values differ so 
that the response in a seaway is different. 
4. Relative motions at the ramp/RRDF connection points, as quantified by 
their RMS values in random seas, are higher for port beam and starboard 
beam seas.  
5. Higher spring and/or damper coefficients result in smaller relative motions 
but higher levels of twist and stresses. These results are not always strictly 
monotonic, which suggests that optimization based on a systematic series 
of parametric studies is possible. 
6. Isolator spring constant has, in general, a more pronounced effect on the 






The primary recommendations for further research are as follows: 
1. A systematic parametric study of various isolator properties (spring and 
damper constants) and ramp loading conditions in short crested seas [Ref. 
8]. 
2. Incorporation of more accurate, computationally intensive, commercial 
finite element packages for the ramp, based on the structural synthesis 




This Appendix contains the following figures: 
• Figures A1 through A12: Heave, Roll, and Pitch Amplitudes for the Ship 
and the RRDF for Various Wave Directions. 
• Figures A13 through A28: Comparisons Between Full and Reduced 
Hydrodynamic Models for the Ship and the RRDF. 
• Figures A29 through A44: Vertical Motions at the Ramp/RRDF 
Connection Points. 
Discussion of these figures is presented in Chapter II, Section D. 
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Figure A1. Plot of Heave Amplitude per [ft] Wave Height, for the Ship (CAPE-D) at 
Various Wave Directions 
























Figure A2. Plot of Heave Amplitude per [ft] Wave Height, for the Ship (CAPE-D) at 
Various Wave Directions 
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Figure A3. Plot of Heave Amplitude per [ft] Wave Height, for the Barge (RRDF) at 
Various Wave Directions 
























Figure A4. Plot of Heave Amplitude per [ft] Wave Height, for the Barge (RRDF) at 
Various Wave Directions 
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Figure A5. Plot of Roll Amplitude per [ft] Wave Height, for the Ship (CAPE-D) at 
Various Wave Directions 
 




























Figure A6. Plot of Roll Amplitude per [ft] Wave Height, for the Ship (CAPE-D) at 
Various Wave Directions 
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Figure A7. Plot of Roll Amplitude per [ft] Wave Height, for the Barge (RRDF) at 
Various Wave Directions 
 



























Figure A8. Plot of Roll Amplitude per [ft] Wave Height, for the Barge (RRDF) at 
Various Wave Directions 
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Figure A9. Plot of Pitch Amplitude per [ft] Wave Height, for the Ship (CAPE-D) at 
Various Wave Directions 
 

























Figure A10. Plot of Pitch Amplitude per [ft] Wave Height, for the Ship (CAPE-D) at 
Various Wave Directions 
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Figure A11. Plot of Pitch Amplitude per [ft] Wave Height, for the Barge (RRDF) at 
Various Wave Directions 
 


























Figure A12. Plot of Pitch Amplitude per [ft] Wave Height, for the Barge (RRDF) at 
Various Wave Directions 
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Figure A13. Comparison between Full 12x12 Solution and Reduced Approximation for 
the Heave Amplitude per [ft] Wave Height at Following Seas (0 deg). 
 



























Figure A14. Comparison between Full 12x12 Solution and Reduced Approximation for 
the Heave Phase Angle per [ft] Wave Height at Following Seas (0 deg). 
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Figure A15. Comparison between Full 12x12 Solution and Reduced Approximation for 
the Heave Amplitude per [ft] Wave Height at Heading Seas (180 deg). 
 



























Figure A16. Comparison between Full 12x12 Solution and Reduced Approximation for 
the Heave Phase Angle per [ft] Wave Height at Heading Seas (180 deg). 
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Figure A17. Comparison between Full 12x12 Solution and Reduced Approximation for 
the Heave Amplitude per [ft] Wave Height at Starboard Beam Seas (90 deg). 
 



























Figure A18. Comparison between Full 12x12 Solution and Reduced Approximation for 
the Heave Phase Angle per [ft] Wave Height at Starboard Beam Seas (90 deg). 
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Figure A19. Comparison between Full 12x12 Solution and Reduced Approximation for 
the Heave Amplitude per [ft] Wave Height at Port Beam Seas (270 deg). 
 



























Figure A20. Comparison between Full 12x12 Solution and Reduced Approximation for 
the Heave Phase Angle per [ft] Wave Height at Port Beam Seas (270 deg). 
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Figure A21. Comparison between Full 12x12 Solution and Reduced Approximation for 
the Pitch Amplitude per [ft] Wave Height at Following Seas (0 deg). 
 



























Figure A22. Comparison between Full 12x12 Solution and Reduced Approximation for 
the Pitch Phase Angle per [ft] Wave Height at Following Seas (0 deg). 
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Figure A23. Comparison between Full 12x12 Solution and Reduced Approximation for 
the Pitch Amplitude per [ft] Wave Height at Head Seas (180 deg). 
 



























Figure A24. Comparison between Full 12x12 Solution and Reduced Approximation for 
the Pitch Phase Angle per [ft] Wave Height at Head Seas (180 deg). 
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Figure A25. Comparison between Full 12x12 Solution and Reduced Approximation for 
the Pitch Amplitude per [ft] Wave Height at Starboard Beam Seas (90 deg). 
 



























Figure A26. Comparison between Full 12x12 Solution and Reduced Approximation for 
the Pitch Phase Angle per [ft] Wave Height at Starboard Beam Seas (90 deg). 
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Figure A27. Comparison between Full 12x12 Solution and Reduced Approximation for 
the Pitch Amplitude per [ft] Wave Height at Port Beam Seas (270 deg). 
 



























Figure A28. Comparison between Full 12x12 Solution and Reduced Approximation for 
the Pitch Phase Angle per [ft] Wave Height at Port Beam Seas (270 deg). 
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Figure A29. Plot of Vertical Motion (ξ ) per [ft] Wave Height of Connection Point A, 
Onboard the Ship (CAPE-D) and the Barge (RRDF) at Following Seas (0 degrees) 
 







































Figure A30. Plot of Vertical Motion (ξ ) per [ft] Wave Height of Connection Point B, 
Onboard the Ship (CAPE-D) and the Barge (RRDF) at Following Seas (0 degrees) 
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Figure A31. Plot of Vertical Motion (ξ ) per [ft] Wave Height of Connection Point A, 
Onboard the Ship (CAPE-D) and the Barge (RRDF) at Head Seas (180 degrees) 
 






































Figure A32. Plot of Vertical Motion (ξ ) per [ft] Wave Height of Connection Point B, 
Onboard the Ship (CAPE-D) and the Barge (RRDF) at Head Seas (180 degrees) 
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Figure A33. Plot of Vertical Motion (ξ ) per [ft] Wave Height of Connection Point A, 
Onboard the Ship (CAPE-D) and the Barge (RRDF) at Starboard Beam Seas (90 degrees) 
 








































Figure A34. Plot of Vertical Motion (ξ ) per [ft] Wave Height of Connection Point B, 
Onboard the Ship (CAPE-D) and the Barge (RRDF) at Starboard Beam Seas (90 degrees) 
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Figure A35. Plot of Vertical Motion (ξ ) per [ft] Wave Height of Connection Point A, 
Onboard the Ship (CAPE-D) and the Barge (RRDF) at Port Beam Seas (270 degrees) 
 








































Figure A36. Plot of Vertical Motion (ξ ) per [ft] Wave Height of Connection Point B, 
Onboard the Ship (CAPE-D) and the Barge (RRDF) at Port Beam Seas (270 degrees) 
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Figure A37. Plot of Vertical Motion (ξ ) per [ft] Wave Height of Connection Point A, 
Onboard the Ship (CAPE-D) and the Barge (RRDF) at 45 degrees Seas. 
 








































Figure A38. Plot of Vertical Motion (ξ ) per [ft] Wave Height of Connection Point B, 
Onboard the Ship (CAPE-D) and the Barge (RRDF) at 45 degrees Seas. 
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Figure A39. Plot of Vertical Motion (ξ ) per [ft] Wave Height of Connection Point A, 
Onboard the Ship (CAPE-D) and the Barge (RRDF) at 135 degrees Seas. 
 






































Figure A40. Plot of Vertical Motion (ξ ) per [ft] Wave Height of Connection Point B, 
Onboard the Ship (CAPE-D) and the Barge (RRDF) at 135 degrees Seas. 
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Figure A41. Plot of Vertical Motion (ξ ) per [ft] Wave Height of Connection Point A, 
Onboard the Ship (CAPE-D) and the Barge (RRDF) at 225 degrees Seas. 
 






































Figure A42. Plot of Vertical Motion (ξ ) per [ft] Wave Height of Connection Point B, 
Onboard the Ship (CAPE-D) and the Barge (RRDF) at 225 degrees Seas. 
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Figure A43. Plot of Vertical Motion (ξ ) per [ft] Wave Height of Connection Point A, 
Onboard the Ship (CAPE-D) and the Barge (RRDF) at 315 degrees Seas. 
 








































Figure A44. Plot of Vertical Motion (ξ ) per [ft] Wave Height of Connection Point B, 
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APPENDIX B 
Length of the Ramp 100 (30.5 )L ft= m  
Width of the Ramp 25 (7.6 )B ft m=  
Mass Density of the Ramp 30.284 /lbf in  
Young’s Module for Stress Calculations 629 10 (200 )E psi= × GPa  
Spring Stiffness between Ramp and Barge 2 5205.6 10 / (3 10 [ / ])k lbf ft= × × N m  
Damping between Ramp and Barge 2 34 10 / (5.9 10 [ / ])c lbfs ft Ns= × × m  
 






Figure 7. Sketch of the Ship-Stern Ramp-Barge Arrangement. 
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Figure B1. Effect of Ramp on Barge (RRDF) Heave Amplitude per [ft] Wave Height, 
at Following Seas (0 degrees). 
 






















Figure B2. Effect of Ramp on Barge (RRDF) Heave Amplitude per [ft] Wave Height, 
at Quartering Seas (45 degrees). 
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Figure B3. Effect of Ramp on Barge (RRDF) Heave Amplitude per [ft] Wave Height, 
at Starboard Beam Seas (90 degrees). 
 

























Figure B4. Effect of Ramp on Barge (RRDF) Heave Amplitude per [ft] Wave Height, 
at Quartering Seas (135 degrees). 
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Figure B5. Effect of Ramp on Barge (RRDF) Heave Amplitude per [ft] Wave Height, 
at Head Seas (180 degrees). 
 

























Figure B6. Effect of Ramp on Barge (RRDF) Heave Amplitude per [ft] Wave Height, 
at Quartering Seas (225 degrees). 
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Figure B7. Effect of Ramp on Barge (RRDF) Heave Amplitude per [ft] Wave Height, 
at Port Beam Seas (270 degrees). 
 






















Figure B8. Effect of Ramp on Barge (RRDF) Heave Amplitude per [ft] Wave Height, 
at Quartering Seas (315 degrees). 
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Figure B9. Effect of Ramp on Barge (RRDF) Roll Amplitude per [ft] Wave Height, at 
Following Seas (0 degrees). 
 

























Figure B10. Effect of Ramp on Barge (RRDF) Roll Amplitude per [ft] Wave Height, at 
Quartering Seas (45 degrees). 
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Figure B11. Effect of Ramp on Barge (RRDF) Roll Amplitude per [ft] Wave Height, at 
Starboard Beam Seas (90 degrees). 
 























Figure B12. Effect of Ramp on Barge (RRDF) Roll Amplitude per [ft] Wave Height, at 
Quartering Seas (135 degrees). 
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Figure B13. Effect of Ramp on Barge (RRDF) Roll Amplitude per [ft] Wave Height, at 
Head Seas (180 degrees). 
 

























Figure B14. Effect of Ramp on Barge (RRDF) Roll Amplitude per [ft] Wave Height, at 
Quartering Seas (225 degrees). 
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Figure B15. Effect of Ramp on Barge (RRDF) Roll Amplitude per [ft] Wave Height, at 
Port Beam Seas (270 degrees). 
 


























Figure B16. Effect of Ramp on Barge (RRDF) Roll Amplitude per [ft] Wave Height, at 
Quartering Seas (315 degrees). 
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Figure B17. Effect of Ramp on Barge (RRDF) Pitch Amplitude per [ft] Wave Height, 
at Following Seas (0 degrees). 
 
























Figure B18. Effect of Ramp on Barge (RRDF) Pitch Amplitude per [ft] Wave Height, 
at Quartering Seas (45 degrees). 
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Figure B19. Effect of Ramp on Barge (RRDF) Pitch Amplitude per [ft] Wave Height, 
at Starboard Beam Seas (90 degrees). 
 























Figure B20. Effect of Ramp on Barge (RRDF) Pitch Amplitude per [ft] Wave Height, 
at Quartering Seas (135 degrees). 
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Figure B21. Effect of Ramp on Barge (RRDF) Pitch Amplitude per [ft] Wave Height, 
at Head Seas (180 degrees). 
 
























Figure B22. Effect of Ramp on Barge (RRDF) Pitch Amplitude per [ft] Wave Height, 
at Quartering Seas (225 degrees). 
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Figure B23. Effect of Ramp on Barge (RRDF) Pitch Amplitude per [ft] Wave Height, 
at Port Beam Seas (270 degrees). 
 























Figure B24. Effect of Ramp on Barge (RRDF) Pitch Amplitude per [ft] Wave Height, 
at Quartering Seas (315 degrees). 
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Figure B25. Heave Amplitude per [ft] Wave Height for the Barge (RRDF), with Ramp, 
at Variable Wave Directions. 
 






















Figure B26. Heave Amplitude per [ft] Wave Height for the Barge (RRDF), with Ramp, 
at Variable Wave Directions. 
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Figure B27. Roll Amplitude per [ft] Wave Height for the Barge (RRDF), with Ramp, 
at Variable Wave Directions  
 




























Figure B28. Roll Amplitude per [ft] Wave Height for the Barge (RRDF), with Ramp, 
at Variable Wave Directions . 
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Figure B29. Pitch Amplitude per [ft] Wave Height for the Barge (RRDF), with Ramp, 
at Variable Wave Directions  
 


























Figure B30. Pitch Amplitude per [ft] Wave Height for the Barge (RRDF), with Ramp, 
at Variable Wave Directions . 
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Figure B31. Amplitude per [ft] Wave Height of Relative Motion Between Ramp’s and 
Barge Connection Points at Following Seas (0 degrees) . 
 























Figure B32. Amplitude per [ft] Wave Height of Relative Motion Between Ramp’s and 
Barge Connection Points at Quartering Seas (45 degrees) . 
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Figure B33. Amplitude per [ft] Wave Height of Relative Motion Between Ramp’s and 
Barge Connection Points at Starboard Beam Seas (90 degrees) . 

























Figure B34. Amplitude per [ft] Wave Height of Relative Motion Between Ramp’s and 
Barge Connection Points at Quartering Seas (135 degrees) . 
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Figure B35. Amplitude per [ft] Wave Height of Relative Motion Between Ramp’s and 
Barge Connection Points at Head Seas (180 degrees) . 
 
























Figure B36. Amplitude per [ft] Wave Height of Relative Motion Between Ramp’s and 
Barge Connection Points at Quartering Seas (225 degrees) . 
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Figure B37. Amplitude per [ft] Wave Height of Relative Motion Between Ramp’s and 
Barge Connection Points at Port Beam Seas (270 degrees) . 
 























Figure B38. Amplitude per [ft] Wave Height of Relative Motion Between Ramp’s and 
Barge Connection Points at Quartering Seas (315 degrees), . 
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Figure B39. Amplitude per [ft] Wave Height, of Relative Motion Between Ramp’s and 
Barge Connection Point A, for Various Headings. . 
 



























Figure B40. Amplitude per [ft] Wave Height, of Relative Motion Between Ramp’s and 
Barge Connection Point A, for Various Headings. . 
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Figure B41. Twist Angle per [ft] Wave Height of Ramp at Various Headings . 
 














































































Figure B43. Displacement Amplitude per [ft] Wave Height of the Ramp at Wave 














































Figure B44. Displacement Amplitude per [ft] Wave Height of the Ramp at Wave 

















































Figure B45. Displacement Amplitude per [ft] Wave Height of the Ramp at Wave 














































Figure B46. Displacement Amplitude per [ft] Wave Height of the Ramp at Wave 
Period 6.28 sec (1 Hz) and at Various Headings . 
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Figure B47. Ramp Maximum Stress Amplitude per [ft] Wave Height for Various 
Headings . 
 



























Figure B49. Ramp Stress Amplitude per [ft] Wave Height at Wave Period 18 sec (0.35 
Hz) and 90 degrees Heading (k, c values as Figure B43). 
 
 
Figure B50. Ramp Stress Amplitude per [ft] Wave Height at Wave Period 18 sec (0.35 
rad/sec) and 270 degrees Heading (k, c values as Figure B44). 
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Figure B51. Ramp Stress Amplitude per [ft] Wave Height at Wave Period 6.28 sec (1 
rad/sec) and 90 degrees Heading (k, c values as Figure B45). 
 
 
Figure B52. Ramp Stress Amplitude per [ft] Wave Height at Wave Period 6.28 sec (1 
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APPENDIX C 
This Appendix contains the following figures: 
• Figure C1: Pierson – Moskowitz Spectrum. 
• Figures C2 through C13: Spectrum of the relative motion response at 
connection point A for all cases of spring/damper values under 
consideration, and for different headings. 
• Figures C14 through C20: RMS value of the relative motion of ramp and 
barge at connection point A for all cases of spring/damper values 
considered. Both rectangular and polar plots are presented . 
• Figures C21 through C27: RMS value of the ramp twist for all cases of 
spring/damper values considered and vertical motions at the Ramp/RRDF 
connection points. Both rectangular and polar plots are presented here. 
• Figures C28 through C34: RMS value of the ramp maximum stress for all 
cases of spring/damper values considered and vertical motions at the 
Ramp/RRDF connection points. Both rectangular and polar plots are 
presented here. 
• Figures C35 through C36: RMS value of the vertical motion of the barge 
connection point A and B for all cases of spring/damper values 
considered. 
Discussion of these figures is presented in Chapter V, Section D. 
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Figure C1. Pierson – Moskowitz Spectrum 
 
 

























Figure C2. Spectrum of the Relative Motion Response at Connection Point A at 
Following Seas (0 Degrees) for all Cases Under Consideration. 
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Figure C3. Spectrum of the Relative Motion Response at Connection Point B at 
Following Seas (0 degrees) for all Cases Under Consideration. 
 



















Figure C4. Spectrum of the Relative Motion Response at Connection Point A at 
Following Seas (0 degrees), (holding k constant and varying c). 
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Figure C5. Spectrum of the Relative Motion Response at Connection Point A at 
Following Seas (0 degrees), (holding k constant and varying c). 
 





















Figure C6. Spectrum of the Relative Motion Response at Connection Point A at 
Following Seas (0 degrees), (holding k constant and varying c). 
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Figure C7. Spectrum of the Relative Motion Response at Connection Point A at 
Quartering Seas (45 degrees) for all Cases Considered. 
 


























Figure C8. Spectrum of the Relative Motion Response at Connection Point A at 
Starboard Beam Seas (90 degrees) for all Cases Considered. 
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Figure C9. Spectrum of the Relative Motion Response at Connection Point A at 
Quartering Seas (135 degrees) for all Cases Considered. 
 
























Figure C10. Spectrum of the Relative Motion Response at Connection Point A at Head 
Seas (180 degrees) for all Cases Considered. 
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Figure C11. Spectrum of the Relative Motion Response at Connection Point A at 
Quartering Seas (225 degrees) for all Cases Considered. 
 
 

























Figure C12. Spectrum of the Relative Motion Response at Connection Point A at Port 
Beam Seas (270 degrees) for all Cases Considered. 
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Figure C13. Spectrum of the Relative Motion Response at Connection Point A at 
Quartering Seas (315 degrees) for all Cases Considered. 
 

























Figure C14. RMS Value of the Relative Motion of Ramp and Barge at Connection 





















Figure C15. Polar Plot of the RMS Value of the Relative Motion of Ramp and Barge at 





















Figure C16. Polar Plot of the RMS Value of the Relative Motion of Ramp and Barge at 






















Figure C17. Polar Plot of the RMS Value of the Relative Motion of Ramp and Barge at 



















Figure C18. Polar Plot of the RMS Value of the Relative Motion of Ramp and Barge at 





















Figure C19. Polar Plot of the RMS Value of the Relative Motion of Ramp and Barge at 



















Figure C20. Polar Plot of the RMS Value of the Relative Motion of Ramp and Barge at 
Connection Point A (holding c constant and varying k). 
 
115




























































































































































Figure C27. Polar Plot of the RMS Value of the Ramp Twist, (holding c constant and 
varying k). 
 



















































Figure C29. Polar Plot of the RMS Value of the Ramp Maximum Stress, (holding k 





















Figure C30. Polar Plot of the RMS Value of the Ramp Maximum Stress, (holding k 






















Figure C31. Polar Plot of the RMS Value of the Ramp Maximum Stress, (holding k 





















Figure C32. Polar Plot of the RMS Value of the Ramp Maximum Stress, (holding c 






















Figure C33. Polar Plot of the RMS Value of the Ramp Maximum Stress, (holding c 





















Figure C34. Polar Plot of the RMS Value of the Ramp Maximum Stress, (holding c 
constant and varying k). 
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Figure C35. Plot of the RMS Value of the Barge Vertical Motion ( )ξ  at Connection 
Point A for Cases Considered. 



















Figure C36. Plot of the RMS Value of the Barge Vertical Motion ( )ξ  at Connection 
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